Abstract Chemokine (C-C motif) receptor-2 (CCR2) regulates arteriogenesis and angiogenesis, facilitating the MCP-1-dependent recruitment of growth factor-secreting bone marrow-derived cells (BMCs). Here, we tested the hypothesis that the BMC-specific expression of CCR2 is also required for new arteriole formation via capillary arterialization. Following non-ischemic saphenous artery occlusion, we measured the following in gracilis muscles: monocyte chemotactic protein-1 (MCP-1) in wild-type (WT) C57Bl/6J mice by ELISA, and capillary arterialization in WT-WT and CCR2
Introduction
Adjustments to microvascular network structure occur in several ways. New capillaries are formed by sprouting from pre-existing microvessels through angiogenesis, while arterioles grow into larger diameter channels through arteriogenesis. Recently, considerable attention has been given to the role of bone marrow-derived cells (BMCs) in angiogenesis and arteriogenesis, particularly with regard to their potential to transdifferentiate into endothelium and/or smooth muscle. Within the context of chronic arterial occlusion models, it has been reported that ex-vivo enriched and re-injected BMCs transdifferentiate into endothelial and/or smooth muscle cells in the heart [1] [2] [3] [4] [5] and skeletal muscle [6, 7] . In contrast, endogenous BMCs do not transdifferentiate into endothelium and/or smooth muscle during arteriogenesis during hindlimb ischemia [8, 9] .
Monocytes, in particular, facilitate arteriogenesis and angiogenesis as growth factor sources [10] [11] [12] [13] . Monocytes are recruited by chemokines, such as monocyte chemotactic protein-1 (MCP-1), and perfusion restoration [14, 15] and angiogenesis [16] are abrogated in MCP-1 deficient mice, while MCP-1 application [17] [18] [19] [20] amplifies angiogenesis and/or arteriogenesis. The major receptor for MCP-1 is the seven transmembrane domain C-C chemokine receptor-2 (CCR2). CCR2
-/-mice have normal numbers of circulating monocytes and tissue resident macrophages; however, they show marked deficits in monocyte recruitment to sites of inflammation or injury [21, 22] . Interestingly, the impact of CCR2 deletion on arteriogenesis depends on genetic background [23, 24] .
Another critical component of microvascular remodeling is new arteriole formation, which occurs when preexisting capillaries become invested with smooth muscle [25] [26] [27] [28] [29] and is called ''capillary arterialization'' [27] or ''arteriolargenesis'' [25] . Capillary arterialization occurs in response to many stimuli, including normal growth and maturation [27, 28] , skeletal muscle stretch [26] , hemodynamic changes [29, 30] , electrical stimulation [31] , exercise training [32, 33] , and growth factor gene [25, 34] and protein [35] delivery, and it appears that mechanical forces play a significant role [36] [37] [38] . Many endothelial/ smooth muscle growth factor-receptor systems regulate vessel maturation (i.e., PDGF-B, TGF-b, ANG-1, and S1P), and it is likely they are also involved in capillary arterialization [39] .
Interestingly, monocytes/macrophages also secrete many of these ''vessel maturation-associated'' growth factors. Therefore, we hypothesized that BMCs also regulate capillary arterialization. In order to test this hypothesis, we used a non-ischemic saphenous artery occlusion model of capillary arterialization on chimeric C57Bl/6J mice that were engrafted with BMCs from EGFP ? and CCR2 -/-mice. The CCR2
-/-BMC chimeras were used to test whether the BMC-specific expression of CCR2 is required for capillary arterialization, while the EGFP ? BMC chimeras were used to test whether BMCs transdifferentiate into smooth muscle.
Materials and methods

Bone marrow transplants
All animal studies were approved by the Institutional Animal Care and Use Committee at the University of Virginia and conformed to the American Heart Association Guidelines for the Use of Animals in Research. EGFP
? [C57BL/ 6-Tg(ACTB-EGFP)1Osb/J] and CCR2 -/-(B6.129S4-Ccr2 tm1lfc /J) donor mice were from Jackson Laboratory (Bar Harbor, ME, USA). C57Bl/6J wild-type (WT) mice were used as donors for control groups. The bone marrow of host C57Bl/6J WT mice was abrogated via two doses of radiation (550 rad). Host mice were then reconstituted with donor marrow and allowed 6-8 weeks for donor marrow engraftment to create the following groups (donor-host): EGFP ? -WT, CCR2 -/--WT, and WT-WT. Mice were kept on sulfa drugs to boost immunity. Group ''n'' values are given in the figure legends.
Non-ischemic and ischemic arterial occlusion models Wild-type (WT), WT-WT, EGFP ? -WT, and CCR2 -/--WT mice were anesthetized with inhaled 2.5% isoflurane. The saphenous artery was ligated at two points downstream of where the femoral artery bifurcates into the saphenous and popliteal arteries. This ''non-ischemic'' occlusion scheme was designed to alter hemodynamics in the gracilis adductor muscle without creating ischemia in the distal hindlimb. For comparison, in another set of WT mice (n = 4), an occlusion was placed just distal to the superficial epigastric artery, to create an ''ischemic'' hindlimb model. Sham surgeries, consisting of all interventions but the arterial occlusion, were performed on the contralateral side.
Laser Doppler perfusion imaging Anesthetized (i.p 120 mg/kg ketamine, 12 mg/kg xylazine, and 0.08 mg/kg atropine) WT mice were placed on a surgical heating pad. The feet were scanned with a Lisca PIM laser Doppler imager at 512 9 512 pixels resolution to produce a perfusion image. Mean voltage per region was used to calculate relative perfusion ratio (ligated/ unligated).
MCP-1 ELISA
Gracilis muscles were harvested from WT mice at days 0 (before surgery), 1, 4, and 7 after ''non-ischemic'' saphenous artery occlusion. A protein assay was first conducted to determine the total amount of protein per sample. A mouse-specific mCCL2/JE ELISA kit (R&D Systems, Minneapolis, MN, USA) was used according to the manufacturer's instructions. MCP-1 levels were standardized to pg/ml and normalized to the total amount of sample protein.
Gracilis muscle fixation for immunochemistry
Mice were anesthetized (2.5% isoflurane) and gracilis muscles were topically superfused with 10 -4 M adenosine in sterile 37°C Ringer's solution for 30 min. Mice were euthanized by overdose of sodium pentobarbital, and ice cold 4% paraformaldehyde in PBS was infused through the left ventricle at 100 mmHg until blood was cleared from the muscle. After 30 additional minutes, gracilis muscles were dissected free and washed in ice cold PBS.
Immunochemistry methods
Whole WT-WT and CCR2
-/--WT gracilis muscles were treated with 3 mg/ml type 1 collagenase in PBS for 30 min, followed by PBS washes, and a 3 day incubation at 4°C in 1:200 Cy3-conjugated monoclonal anti-smooth muscle (SM) a-actin (clone 1A4; Sigma) and 0.1% saponin in PBS.
Muscles were imaged by confocal microscopy. All visible arterioles were traced using ImageJ software to determine arteriole length density, defined as total arteriole length per unit area of tissue. Muscles that had already been immunolabeled for SM a-actin as whole-mounts were then cryosectioned and incubated with 1:200 AlexaFluor647 Ò (Molecular Probes) conjugated Bandeiraea simplicifolia-1 (BS-I) lectin. BS-I lectin ? vessels and SM a-actin ? vessels were counted and normalized to the number of muscle fibers. Gracilis muscles from EGFP ? -WT chimeric mice were harvested at day 7, perfusion fixed as previously described, cross-sectioned, and stained overnight with 1:200 IA4 monoclonal anti-SM a-actin Cy3 conjugate. Approximately 30 cross-sections were examined per mouse to determine whether EGFP ? was co-localized with SM a-actin.
Statistics
One-way (Fig. 1c) or two-way (Figs. 1b, 2c, 3b, c) ANOVAs were performed followed by pairwise comparisons with the Student-Newman-Keuls method. Significance was assessed at P \ 0.05.
Results
Characterization of the non-ischemic occlusion model
In order to characterize the saphenous artery occlusion model, Laser Doppler perfusion imaging (LDPI) scans were performed and compared to a standard ischemic hindlimb ( Fig. 1a and b) . Immediately post-op, perfusion ratio did not change for the ''non-ischemic'' group, but fell markedly in the ischemic group. Over 7 days, perfusion ratio increased in the ischemic group but remained significantly below the non-ischemic group. MCP-1 protein levels were significantly elevated after 1 day and then returned to baseline by day 4 (Fig. 1c) .
BMC-specific CCR2 expression is required for capillary arterialization Figure 2a and b shows representative confocal images from WT-WT and CCR2 -/--WT specimens exposed to arterial occlusion for 7 days, respectively. Long thin extensions of SM a-actin expression originating at the terminal arterioles and running parallel to the muscle fiber direction were observed in the WT-WT specimens (Fig. 2a) , but largely absent from the CCR2 -/--WT specimens (Fig. 2b) . We observed a 36% increase in arteriole length density with arterial occlusion in WT-WT mice. In contrast, within the CCR2 -/--WT group, no changes in arteriole length density were observed (Fig. 2c) .
Representative confocal images from cross-sectioned WT-WT and CCR2
-/--WT gracilis muscles exposed to arterial occlusion are shown in Fig. 3a. As expected, SM aactin was always colocalized with BS-I lectin, indicating that smooth muscle cells, pericytes, and/or their precursors only express SM a-actin when they come in contact with endothelium. In addition, the total density of SM a-actin ? vessels appears significantly enhanced in the WT-WT specimen. Within the WT-WT group, arterial occlusion caused a 46% increase in SM a-actin ? vessels over sham surgery control (Fig. 3b) . In contrast, within the CCR2 -/--WT group, no changes occurred with arterial occlusion. The number of SM a-actin ? vessels/muscle fiber between arterially ligated gracilis muscles of WT-WT and CCR2
-/--WT mice was close to achieving statistical significance (P \ 0.051). Finally, we also determined the fraction of total microvessels (i.e., BS-I lectin ? ) that were also SM a-actin ? (Fig. 3c) . These results generally mirrored those in Fig. 3b . Here, arterial occlusion induced a 45% increase in SM a-actin ? vessel fraction over sham surgery within the WT-WT group, but no differences were observed for this metric within the CCR2 -/--WT group.
BMCs do not contribute to capillary arterialization by transdifferentiating into smooth muscle
We tested whether BMCs contribute to this response by directly transdifferentiating into smooth muscle, pericytes, and/or their precursors through the use of EGFP ? -WT chimeras. Several cross-sections from EGFP ? -WT gracilis muscles 7 days after arterial occlusion were exhaustively examined for evidence of colocalization between EGFP and SM a-actin. 
(C) Fig. 2 The deletion of CCR2 from BMCs inhibits capillary arterialization as assessed in whole-mounts. a, b Confocal images of SM a-actin labeled gracilis muscles exposed to arterial occlusion from WT-WT (a) and CCR2 -/--WT (b) mice at day 7. Arrows denote long extensions of SM a-actin expression along capillaries running parallel to the muscle fiber direction. c Bar graph of arteriole length density for WT-WT (n = 5) and CCR2 -/--WT (n = 5) mice. * Significantly different than all other groups (P \ 0.05) the muscle (Fig. 4) , despite examining hundreds of SM a-actin ? vessels, we never observed the colocalization of EGFP with SM a-actin.
Discussion
There are three major new findings in this study. First, we showed that new arterioles form via capillary arterialization in the gracilis adductor muscle in response to occlusion of the saphenous artery. In this model, saphenous artery occlusion did not create ischemia in the distal hindlimb. MCP-1 levels were, however, markedly increased in the gracilis muscle 1 day after arterial occlusion. Second, by using this saphenous occlusion model in conjunction with three different metrics of capillary arterialization, we determined that capillary arterialization is completely blocked in CCR2 -/--WT bone marrow chimeric mice. Third, through examination of SM a-actin labeled specimens from EGFP ? -WT mice, we observed that the BMCs which are recruited to gracilis muscle tissue do not express SM a-actin. Overall, based on these findings, we conclude that the BMC-specific expression of CCR2 is required for capillary arterialization in response to saphenous artery occlusion in skeletal muscle; however, the contribution of BMCs to capillary arterialization does not include their transdifferentiation into smooth muscle. While other investigators have shown that the MCP-1/CCR2 axis is a critical regulator of both arteriogenesis and angiogenesis, the current study is the first to show that CCR2 expression on BMCs is also essential for new terminal arteriole formation.
CCR2
? BMCs and the regulation of capillary arterialization
Although not nearly as well studied as arteriogenesis and angiogenesis, capillary arterialization has been shown to occur during maturation [27, 28] , muscle stretch [26] , altered hemodynamics [29, 30] , electrical stimulation [31] , exercise training [32, 33] , and in response to growth factor gene and protein delivery [25, 34] . A recurring theme in many of these studies is that mechanical forces likely play a significant role, a concept that is further supported by computational modeling studies [36] [37] [38] . Although microvascular hemodynamics were not explicitly measured in this study, an occlusion was placed along the saphenous artery to alter blood flow patterns in the gracilis muscle and stimulate capillary arterialization in control WT-WT mice. Since ischemia is another putative stimulus for capillary arterialization, we used LDPI to confirm that no changes in distal hindlimb perfusion occurred in this arterial occlusion model (Fig. 1a) . With regard to the upper hindlimb, Deindl et al. [40] have shown that, even in more severe femoral artery occlusion models in which ischemia is created in the distal hindlimb, the upper hindlimb is not affected. Overall, we argue that it is unlikely that ischemia was a contributing factor in the more moderate arterial occlusion model used here.
If hemodynamic changes were indeed the primary stimulus, a linkage between hemodynamics and CCR2
? BMCs most likely exists. Importantly, studies have shown that both shear stress gradients [41] and circumferential wall stress/ stretch [42, 43] can activate the expression of MCP-1 by endothelial cells and/or smooth muscle, and we determined that MCP-1 levels were elevated in gracilis muscle after arterial occlusion (Fig. 1b) . Therefore, we postulate that alterations in microvascular hemodynamics caused an increase in MCP-1 that, in turn, elicited the recruitment of circulating BMCs via the CCR2 receptor. Our studies neither pinpoint where within the microvascular network BMC capture and emigration occurred, nor do they identify the subsequent molecular mechanism(s) through which these BMCs caused capillary arterialization; however, results from the EGFP ? -WT mice suggest that they do not transdifferentiate into smooth muscle. Through the process of elimination, it is likely that BMCs serve as paracrine growth factor sources that facilitate capillary arterialization; however, further studies are clearly needed to adequately address this hypothesis.
Comparisons to arterial occlusion studies using CCR2 -/-mice One day after non-ischemic ligation, MCP-1 protein levels in gracilis muscles from C57Bl/6J WT mice increased from ''undetectable'' to 17 pg/mg of protein (Fig. 1b) . In general, this result agrees with Tang et al. [24] , who reported a 6.1-fold increase MCP-1 mRNA levels in the thigh of C57Bl/6J mice, and Capoccia et al. [44] who reported that MCP-1 protein levels increased by 50 pg/ml 24 h after arterial occlusion. In contrast to our results, as well as those of Tang et al. [24] and Capoccia et al. [44] , ContrerasShannon et al. [45] found no change in MCP-1 levels in the thighs of WT mice after arterial occlusion. Although difficult to reconcile, this could be due to differences in the muscle(s) tested, the occlusion model, and/or the timing of measurements. Contreras-Shannon et al. [45] did, however, observe significantly increased MCP-1 levels in CCR2 -/-mice, which at least further confirms that MCP-1 levels can be enhanced in the thigh by arterial occlusion. Arteriogenesis and distal hindlimb reperfusion have been studied in CCR2
-/-mice [23, 24, 45] ; however, to the best of our knowledge, only Tang et al. [24] have examined SMA ? arteriole density in the thigh region, finding trends toward increased SMA ? density with arterial occlusion in both WT and CCR2 -/-mice. In general agreement with this trend, our results from whole-mounted (Fig. 2) and cross-sectioned (Fig. 3 ) muscles show enhanced capillary arterialization in WT-WT mice; however, we did not EGFP + BMCS SM α α-actin EGFP + BMCs/SM α-actin 100 µm Fig. 4 Representative confocal images of EGFP ? BMCs in SM a-actin immunolabeled gracilis muscle at 7 days after ''nonischemic'' saphenous artery occlusion. The colocalization of EGFP with SM a-actin was never observed in EGFP ? -WT bone marrow chimeric mice (n = 3) observe capillary arterialization in CCR2 -/--WT mice. However, we note that Tang et al. [24] did not observe entire cross-sections, and they used low power microscope fields, so changes in very small diameter SM a-actin ? vessels may have been difficult to detect. Furthermore, in contrast to our study, CCR2 expression was deleted from all cells in the study by Tang et al. [24] . With regard to capillary arterialization, it is possible that the lack of endothelial [46, 47] and smooth muscle cell [48] CCR2 expression could have countered the effects of CCR2 deletion from BMCs.
Comparisons to arterial occlusion studies of BMC transdifferentiation into smooth muscle Smooth muscle (SM) a-actin is expressed by both mature and immature smooth muscle [27] , as well as by myofibroblasts [49] and pericytes [50, 51] ; therefore, the choice of SM a-actin as a marker for the potential transdifferentiation of BMCs into a smooth muscle lineage provided a high probability of positive detection. Nonetheless, despite observing hundreds of SM a-actin ? vessels with confocal microscopy at high magnification, we never observed the colocalization of EGFP with SM a-actin (Fig. 4) . These results confirm a recent study from our group in which ultrasonic microbubble destruction stimulated the formation of new arterioles in EGFP ? -WT mice without the transdifferentiation of BMCs into smooth muscle [8] . In addition, Ziegelhoeffer et al. [9] have shown that BMCs do not transdifferentiate into smooth muscle during hindlimb arteriogenesis. While smooth muscle progenitor cells are present in bone marrow [52, 53] and bone marrowderived cells can transdifferentiate into smooth muscle [1, 2] , there are substantial differences between these studies and ours. Of primary importance, studies in which BMCs transdifferentiate into microvascular smooth muscle have had clear therapeutic goals, and were not necessarily designed to determine the role of endogenous BMCs in physiological capillary arterialization. The protocols in these studies involve ex-vivo enrichment and processing of BMCs, as well as the re-injection or re-seeding of BMCs into either the venous circulation or directly to the tissue of interest. In our studies, EGFP ? -WT mice were lethally irradiated and engrafted with BMCs approximately 8 weeks before arterial occlusion; however, BMCs were not enriched ex-vivo, nor were they supplemented with additional cell injections. For this reason, we argue that our experimental model better represents the role of BMCs in physiological capillary arterialization.
